Photoluminescence ͑PL͒ spectra of partially oxidized porous Si ͑POPS͒ coated with Si thin films were examined using the 488 nm line of Ar ϩ laser. The obtained PL is stable, peaks at 1.763 eV with a blueshift of ϳ60 meV, and its maximal intensity is seven times larger than that of the POPS. Spectral analysis and the experimental results from infrared spectroscopy and electron spin resonance suggest that the enhanced and stable PL arises from optical transitions in the nonbridging oxygen hole centers ͑NBOHCs͒. Si coating mainly leads to introduction of the NBOHCs defects and thus makes the PL intensity enhanced. The blueshift of ϳ60 meV is a result of the local equilibrium of NBOHCs defects under high temperature. © 2000 American Institute of Physics.
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Photoluminescence ͑PL͒ mechanism of porous Si ͑PS͒ has become a current subject of intense controversy because of the complexity of microscopic details. [1] [2] [3] [4] [5] So far, it seems difficult to contrive a general model which can explain all obtained experimental results. Recently, much effort has been made in improving the stabilities of PS structure and light-emission by thermal, chemical, or anodic oxidation. 6 Full oxidation at high temperature over 1000°C stabilizes the PS structure but cannot improve its poor carrier transportation and enhance its electroluminescence efficiency. 7 For partial oxidation in diluted oxygen at temperature of 700-900°C, it was shown that thermal and chemical stabilities of the oxidized PS material can be greatly enhanced while retaining desirable light-emission and charge transport properties. 8 However, the emission mechanism of this partially oxidized PS ͑POPS͒ is still unclear. The emission efficiency still needs improvement. In this work, we investigate PL mechanism and microstructural properties of the POPS coated with thin Si and Ge films. An enhanced and stable PL was obtained in Si-coated samples. Spectral analyses suggest that the obtained PL be related to localized defects, nonbridging oxygen hole centers ͑NBOHCs͒.
Fresh PS samples were made from ͗100͘-oriented p-type Si substrates of 1-3 ⍀ cm resistivity. PS layer was formed by anodization in a electrolyte of ratio 2 to 1 of HF:C 2 H 5 OH with a current density of Jϭ15 mA/cm 2 for 30 min. POPS samples were fabricated by annealing the fresh PS in diluted oxygen ͑11% in N 2 ͒ at 800°C for 20 min. The semitransparent POPS samples show a stable PL peak in the red. Its intensity was reduced by a factor of 5. Si and Ge thin films were coated by pulsed laser deposition ͑PLD͒. 9 During the PLD, the POPS samples were put on the substrate stage held at ϳ650°C and the deposition chamber maintained a vacuum less than 10 Ϫ5 Torr. Thin Si͑Ge͒ layers of 30-200 laser pulsed numbers ͑about 3-20 nm in thickness͒ were coated on the POPS samples. The finally samples were named with laser pulsed numbers and the coated material.
PL signals were collected through a focusing lens on a SPEX 1403 RAMALOG system using the 488 nm excitation line of Ar ϩ laser. A low laser power was used to avoid changes caused by laser irradiation. Fourier-transform infrared ͑FTIR͒ absorption spectra were taken on a Nicolet 170SX spectrometer. Electron spin resonance ͑ESR͒ signals were measured using a Bruker ER-200D X-band spectrometer, operating at a low microwave power of 6.0 mW to avoid saturation. A standard sample was used to calibrate the spin density.
Figures 1͑a͒-1͑d͒ show the PL spectra of Si-coated POPS samples. Spectrum ͑a͒ from the POPS can be Gaussian divided into two peaks, one dominant at 1.706 eV and the other as a shoulder at 1.936 eV. After Si coating, the 1.936 eV PL peak vanishes but the 1.706 eV peak blueshifts to 1.763 eV. This position remains unchanged with further Si coating. The PL intensity varies with Si-coated thickness, having a maximal intensity in 150Si sample. The maximum is seven times larger than that of the POPS sample and exceeds the PL intensity of the fresh PS. The PL is very stable at room temperature in air. For Ge-coated samples, the PL intensity has similar behavior, but the largest intensity appears in 90Ge sample and is only enhanced by a factor of 2.7. No noticeable PL blueshift was observed. So we can infer that Si and Ge coatings have different influence on both the PL intensity and energy of POPS samples. For c-Si substrates coated with Si and Ge films, no PL was observed in the measured energy range. We first consider the origin of the PL blueshift with ϳ60 meV. Friedersdorf et al. 10 have proposed that oxidation of PS will produce an interfacial strain between Si crystallites and the oxide. The strain can induce changes in the band gap or states of the strained materials 11 and thus lead to the PL blueshift. In our samples, Si coating will further induce an internal strain in the thin film and thus further increase the PL blueshift. To estimate the strain value in our samples, x-ray diffraction spectra were examined and a diffraction peak was observed at 2ϭ26°-29°. A rough calculation indicates that the blueshift should be Ͼ0.25 eV. 10 So the blueshift is not related to the strain. The blueshift cannot also arise from the reduction of Si crystallite sizes, because 150Si sample has slightly larger sizes than 100Si sample. Koch and Petrova-Koch 2 and Kanemitsu et al. 3 have suggested socalled surface state models. These models can easily explain the PL intensity dependence ͑the smaller the sizes, the larger the intensity͒ and the PL peak energy independence on the crystallite sizes. 12, 13 For our experimental results, the maximal PL intensity appears in 150Si sample. So we cannot also invoke these surface state models to elucidate the obtained PL results.
In fact, Si͑Ge͒ coating should lead to changes of the surface chemistry. Figure 2 shows the FTIR spectra of the POPS and Si-coated samples. These spectra have a main feature: The 920 cm Ϫ1 band shifts up to 977 ͑100Si͒ and 982 cm Ϫ1 ͑150Si͒, and finally returns to 924 cm Ϫ1 ͑200Si͒. The 920͑924͒ cm Ϫ1 band has been assigned to the Si-O-Si stretching vibrations of SiO 2 , whereas the 977͑982͒ cm The earlier results imply that the enhanced PL should be associated with surface-related localized defects, which are formed during Si͑Ge͒ deposition. To identify the origin of the observed PL, we carefully examined the ESR spectra of all Si͑Ge͒-coated POPS samples and some typical results are shown in Fig. 3 . For the fresh PS sample, two weak resonance lines can be observed with Lande g values of 2.006 ͑the left-side line͒ and 2.003 ͑the right-side line͒. The leftside line can be attributed to the Si dangling-bond ( P b ) signal. 15 Partial oxidization leads to its absence. Upon Si coating, the P b signal again appears and finally hides in the right-side stronger resonance line. The right-side line weakly appears in our PS and slightly rises in the POPS sample. After Si͑Ge͒ coating, it is enhanced, reaching a maximum in 150Si͑90Ge͒ sample. If we estimate its spin density by comparing the resonance area with that of a known standard sample, the spin density was found to track very well with 
In Si ϩ -implanted SiO 2 , the strong line was attributed to EЈ center defect, which reduces the 1.95 eV PL intensity. 16 In our present experiments, the line cannot simply be assigned to the EЈ center because of three reasons: ͑1͒ It has a g value of 2.003 different from that of the EЈ center (g ϭ2.000); ͑2͒ For the EЈ center, it should disappear under annealing about 800°C; ͑3͒ In the literature, 16 the appearance of the 1.72 eV PL band is in the case of absence of the EЈ center defect. The line does not also belong to the SD or EX centers, 15 because the former has a g value of 0.997 and the latter has a sharper line shape of the central resonance ͑0.7 G͒. Stapelbroek et al. 17 has reported that the NBOHCtype of defects might directly be observed with the ESR, but the sharpest features of this center are in a range which overlaps the P b center (gϭ2.001-2.008), making an unambiguous identification difficult. For our ESR results, the strong resonance line not only has a feature similar to that of the NBOHC-type of defects, but also it can be identified from the slightly asymmetric resonance line. Further, its spin density tracks very well with the observed 1.763 eV PL intensity, characteristic of the NBOHC-like defects. 15 So it is closely connected with some kinds of NBOHCs.
Three types of NBOHCs have been reported in silica optical fibers. 18 In PS, the NBOHCs defects may exist at or near the Si/oxide interface, and not in a fully relaxed random network. 4 Both strain and chemistry in the interface region have an important influence on the emission energy and intensity. 19 An interfacial NBOHC defect should be in a more different local structure environment than a pure relaxed oxide, and therefore, a slightly different emission energy can be expected in different samples. Prokes and Glembocki 19 have reported that the emission energy at ϳ1.7 eV can be obtained from the NBOHC-type of defects after short oxidation of fresh PS at temperature above 700°C. The defects can reach a local equilibrium by annealing in an inert atmosphere, resulting in a 60 meV blueshift of the emission energy. Thus, Si͑Ge͒ coating mainly introduces a number of the NBOHCs defects into the samples and thus makes PL intensity largely enhanced. The PL stability is understandable, because these defects are formed under high temperature ͑650-800°C͒.
In conclusion, we have examined the PL spectra of the POPS coated with Si and Ge thin films. An enhanced PL is observed at 1.763 eV. Its intensity is seven times larger than that of starting POPS, exceeding that of the fresh PS. Spectral analyses indicate that optical transitions in the NBOHCtypes of defects are responsible for the observed PL. Our experiments provide a way for improving stable PL, which will be more useful for device applications.
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